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ABSTRACT
The main astronomical source of r-process elements has not yet been identified. One plausible
site is neutron star mergers (NSMs), but from perspective of the Galactic chemical evolution, it
has been pointed out that NSMs cannot reproduce the observed r-process abundance distribution
of metal-poor stars at [Fe/H] < −3. Recently, Tsujimoto & Shigeyama (2014) pointed out that
NSM ejecta can spread into much larger volume than ejecta from a supernova. We re-examine the
enrichment of r-process elements by NSMs considering this difference in propagation using the chemical
evolution model under the hierarchical galaxy formation. The observed r-process enhanced stars
around [Fe/H] ∼ −3 are reproduced if the star formation efficiency is lower for low-mass galaxies under
a realistic delay time distribution for NSMs. We show that a significant fraction of NSM ejecta escape
from its host proto-galaxy to pollute intergalactic matter and other proto-galaxies. The propagation
of r-process elements over proto-galaxies changes the abundance distribution at [Fe/H] < −3 and
obtains distribution compatible with observations of the Milky Way halo stars. In particular, the
pre-enrichment of intergalactic medium explains the observed scarcity of EMP stars without Ba and
abundance distribution of r-process elements at [Fe/H] . −3.5.
Subject headings: stars: abundances – stars: Population II – nuclear reactions, nucleosynthesis, abun-
dances – stars: neutron – early universe – Galaxy: evolution – Galaxy: halo
1. INTRODUCTION
The rapid neutron capture process (r-process) is one
of main processes to synthesize elements heavier than
the iron group. The dominant r-process element source
in the universe is still matter of debate. Two possi-
ble sites have been proposed; core-collapse supernovae
(CCSNe, e.g., Sato 1974; Woosley & Hoffman 1992),
and coalescence of binaries of double neutron star (NS-
NS) and black hole-neutron star (BH-NS) systems (e.g.,
Lattimer & Schramm 1974; Rosswog et al. 1999). We re-
fer to scenarios based on chemical evolution models of
r-process elements exclusively supplied from binary neu-
tron star mergers (NSMs) as the NSM scenarios in the
following.
One promising way to understand the enrichment his-
tory of heavy elements in the universe is observations
of extremely metal-poor (EMP) stars. These stars are
the living fossils born in the early universe and can be
probes for the Galactic chemical evolution. Europium
(Eu) is commonly used as an element representative of
r-process elements but we also discuss with barium (Ba)
abundance as another representative element since it is
more easily observed in EMP stars than Eu. Though Ba
in the solar system is mainly produced by s-process in
intermediate mass stars on the asymptotic giant branch
(AGB), the contribution from s-process is thought to be
negligible for EMP stars since their formation epoch is in
prior to the period when the first intermediate mass stars
in the universe evolve to AGB stars. We note that the
measured abundance ratios between Eu and Ba in EMP
stars are similar to the ratio of the r-process components
of these elements in the solar system, except for carbon-
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enhanced EMP stars, of which the surface abundances
have probably been changed by binary mass transfer.
It is known that the r-process abundances of EMP
stars with [Fe/H] . −2.5 show a very large star-to-star
scatter of ∼ 3 dex (e.g., Burris et al. 2000; Honda et al.
2004). The average abundance of Ba shows a decreasing
trend as metallicity decreases in the metallicity range of
−3.3 < [Fe/H] < −2.6, while it seems to reach a plateau
at [Fe/H] < −3.3 (Andrievsky et al. 2009). Based on
this trend, Roederer (2013) and Komiya et al. (2014)
pointed out that we can detect Ba on almost all the EMP
stars.
It has been pointed out from the viewpoint of chemical
evolution that r-process elements originating from neu-
tron star mergers (NSMs) have difficulties in realizing the
observed abundance features in EMP stars. Argast et al.
(2004) argued that the model with NSM as the domi-
nant r-process source predicts too large abundance scat-
ter since NSMs have a very low event rate (1−300 Myr−1
in the Milky Way (MW), Belczynski et al. 2002) and
very large r-process yield (∼ 10−1 − 10−3M⊙, e.g.,
Rosswog et al. 1999) per event. In addition, it has been
argued that the long delay-time of NSM (& 108yr) is in-
compatible with the presence of r-process enhanced stars
at [Fe/H] < −2.5.
On the other hand, from other points of view, there
is growing evidence that the NSMs are major r-process
sources. Theoretical studies of nucleosynthesis in CC-
SNe show difficulties in synthesizing elements of the
second and third r-process peaks, in the framework
of neutrino driven explosion (e.g., Wanajo et al. 2011;
Wanajo 2013), while these elements are successfully syn-
thesized in the NSM ejecta (e.g., Bauswein et al. 2013;
Wanajo et al. 2014). Observationally, a short gamma-
ray burst GRB 130603B showed enhancement of in-
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frared radiation in its afterglow (Tanvir et al. 2013;
Berger et al. 2013). This event agrees with the pre-
dicted properties of a “kilonova”, radiation from mat-
ter heated by radioactive decay of r-process ejecta from
a NSM (Tanaka & Hotokezaka 2013; Barnes & Kasen
2013). Hotokezaka et al. (2015) pointed out that the dis-
crepancy in abundances of the radioactive r-process ele-
ment 244Pu between the early solar system and the cur-
rent solar vicinity may indicate a very low event rate for
the r-process source. The discovery of an r-process rich
ultra-faint dwarf galaxy (Ji et al. 2016; Roederer et al.
2016) also favors the r-process source with a large yield
and rare event rate.
Recently, Tsujimoto & Shigeyama (2014) pointed out
that the ejecta from a NSM can spread into very large
volume since the NSM ejecta expand at very large veloc-
ities of 10− 30% of the speed of light (e.g., Goriely et al.
2011; Hotokezaka et al. 2013). The stopping length, ls,
of 153Eu with speed of 0.2c is ls ∼ 2.6(n/1cm
−3)−1kpc,
which can be larger than the radius of a dwarf spheroidal
galaxy. (See Section 2.3.1 for the derivation of ls. Note
that Tsujimoto & Shigeyama (2014) evaluate this value
as ∼ 400 kpc, which is in error by a factor of 153.) We in-
vestigate effects of this large-scale spreading of the NSM
ejecta on the Galactic chemical evolution.
Recent chemical evolution studies confirmed that
the emergence of Eu around [Fe/H] ∼ −3 can-
not be explained by the NSM scenario, unless bi-
nary NSs coalesce on very short timescales of 10
Myr or less (Matteucci et al. 2014; Cescutti et al. 2015;
Wehmeyer et al. 2015), while both observations of bi-
nary pulsars (Lorimer 2008) and models of binary pop-
ulation synthesis (Dominik et al. 2012; Kinugawa et al.
2014) indicate average coalescence timescales beyond
100 Myr. In addition, even with the short delay
time, the secondary r-process source such as CCSNe
is invoked to reproduce the abundance distribution at
[Fe/H] < −3 (Cescutti et al. 2015; Wehmeyer et al.
2015). Ishimaru et al. (2015) show that the appearance
of r-process elements at [Fe/H] ∼ −3 can be explained
by the combination with the coalescence timescale of 100
Myr for the majority (95%) of NSMs and 1 Myr for the
rest (5%), if the star formation efficiencies are lower for
less-massive sub-halos. But they use a one-zone model
and do not account for the scatter of [r/Fe]. Hirai et al.
(2015) follow the enrichment history of r-process ele-
ments by chemo-dynamical simulations but only for a
dwarf galaxy. van de Voort et al. (2015) and Shen et al.
(2015) compute the formation of the MW by chemo-
dynamical simulations but their models lack the reso-
lution to correctly follow the formation of Pop III and
early Pop II stars. We note that the results of these sim-
ulation studies are dependent on assumptions about the
sub-grid mixing process and numerical resolution.
All these previous studies do not take into account
the difference of the propagation process between NSM
ejecta and SN ejecta. In our previous study, we in-
vestigated the enrichment of r-process elements using a
chemical evolution model with merging history of proto-
galaxies, but without considering a difference in prop-
agation (Komiya et al. 2014). We pointed out that the
observed very low frequency of Ba lacking stars is in con-
tradiction with the NSM scenario even when we assume a
significant surface pollution. In this paper, we revisit this
problem by considering the possibility that NSM ejecta
can escape from its host proto-galaxy and pollute neigh-
boring proto-galaxies and intergalactic medium (IGM).
The structure of this paper is as follows. Next sec-
tion describes our model and its ingredients. Section 3
presents results and compares them with observations.
Section 4 summarizes the paper.
2. MODEL DESCRIPTION
We use the hierarchical chemical evolution model pre-
sented in Komiya et al. (2014, 2015). In the following,
we give a brief summary of the model and changes from
the previous works.
2.1. The hierarchical chemical evolution model
Our model treats individual metal poor stars in the
framework of the hierarchical galaxy formation. This
model also considers gas infall and outflow, metal pre-
enrichment in IGM, and surface pollution of stars by ac-
cretion of interstellar matter (ISM).
2.1.1. Merger Tree
We build merger trees of dark-matter halos
based on the extended Press-Schechter theory
(Somerville & Kolatt 1999). The first stars are
formed in halos with Tvir > 10
3K, where Tvir is the
virial temperature, and Tvir = 10
3K corresponds to the
halo mass of Mh = 1.9× 10
5M⊙ at a redshift of z = 30.
We refer to the baryonic component in the branches of
the merger tree as proto-galaxies, which are low-mass
galaxies as building blocks of the Milky Way.
Each halo hosts one proto-galaxy at the beginning.
We assume that when two dark halos merge, the proto-
galaxy in the more massive halo is placed at the center
of the newly formed halo and the proto-galaxy in the
smaller halo becomes a satellite in a sub-halo and that
the mass of the smaller halo remains unchanged. We
neglect tidal stripping and ram pressure stripping. The
orbital energy of the satellite decays through dynamical
friction (Lacey & Cole 1993). The satellite merges with
the central galaxy on the dynamical friction timescale,
τdf , given by the standard Chandrasekhar formula, and
stars in the satellite are added to the stellar halo of the
central galaxy (e.g., Cole et al. 2000).
2.1.2. Star Formation, Metal Enrichment and Gas Outflow
The star formation rate, M˙∗ = ǫ∗Mgas, is expressed as
the product of the gas mass,Mgas, and the star formation
efficiency (SFE), ǫ∗. The masses of individual stars are
set randomly following the initial mass function (IMF)
described in section 2.1.3.
Metal yields of supernovae (SNe) are adopted from the-
oretical results of Kobayashi et al. (2006) for type II SNe
and Nomoto et al. (1984) for type Ia SNe. We assume
homogeneous mixing of metal in each proto-galaxy.
We consider gas outflow triggered by individual SNe.
The first SN in a proto-galaxy form a galactic wind, and
subsequent SNe add gas and energy to the wind. For the
outflow energy, Ew, we use the following formula as a
function of the SN kinetic energy, Ek, and the gas binding
energy, Ebin, of a proto-galaxy,
Ew = Ek
ǫo + Ek/Ebin
1 + Ek/Ebin
, (1)
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which supposes that the outflow carries away all the
SN kinetic energy if Ek ≫ Ebin but a fraction, ǫo, of
the kinetic energy turns to the outflow if Ek ≪ Ebin.
We compute inhomogeneous metal enrichment in the
IGM by following the evolution of the winds from proto-
galaxies assuming the momentum conserving snow-plow
shell model.
In the fiducial model, we adopt the star formation ef-
ficiency depending on the mass of a halo, ǫ∗ ∝ M
0.3
h ,
motivated by the observational mass-metallicity relation,
while a constant efficiency was adopted in our previous
studies. The observed correlation between stellar masses,
M∗, and average metallicities, 〈[Fe/H]〉, of galaxies is ex-
pressed as 10〈[Fe/H]〉 ∝M0.3∗ (Kirby et al. 2013), and may
indicate a lower star formation efficiency in a lower mass
galaxy (Ishimaru et al. 2015). We use M0.3h instead of
M0.3∗ to avoid ǫ∗ = 0 at the beginning. Measurements of
rotation curves of low mass star forming galaxies showed
that the halo mass is almost proportional to the stellar
mass (Miller et al. 2014) .
We also present results of the model with a constant
SFE but with a higher outflow rate. We adopt ǫo = 0.5
in the constant SFE model rather than ǫo = 0.1 as the
fiducial value in our previous study. This model yields
a slope of mass-metallicity relation very similar to the
fiducial model with ǫ∗ ∝M
0.3
h and ǫo = 0.1.
We evaluate the proportional constant of the SFE to
yield the solar metallicity in the current MW, ǫ∗ =
1.2 × 1014(Mh/M⊙)
0.3yr−1 in the fiducial model and
ǫ∗ = 3.4× 10
11yr−1 in the constant SFE model.
2.1.3. Initial Mass Function
For the initial mass function (IMF), ξ, we use the log-
normal function with a power-law tail at higher mass
part as Chabrier (2003) adopted,
ξ(logm) ∝
{
exp
{
− (logm−logMmd)
2
2σ2
}
(m ≤ mnorm)
m−1.3 (m > mnorm).
(2)
Chabrier (2003) yielded Mmd = 0.22M⊙, σ = 0.33, and
mnorm = 0.7M⊙ for the Galactic spheroid. For EMP
stars, however, we have shown that the low-mass peaked
IMF obtains a much smaller frequency of carbon en-
hanced stars and more numerous EMP stars than ob-
served by the HES survey (Komiya et al. 2009a,b, 2015).
A high or intermediate-mass peaked IMF shows a better
consistency with observations. Here, we compute mod-
els with the IMFs peaked at Mmd = 0.22M⊙, 2M⊙, and
10M⊙ (mnorm is also shifted in proportion toMmd). The
binary fraction is set to be 0.5, and we adopt the flat mass
ratio distribution. We note that the predicted r-process
abundance distribution is not sensitive to the choice of
the peak mass. ( In previous studies, we may have over-
estimated the volume observed by the HES survey due
to the assumption of L = 100L⊙ for giant stars and ap-
plying an incorrect limiting magnitude. The correction
slightly lower the estimated value of Mmd but it still re-
mains in the intermediate mass range. )
2.1.4. Surface Pollution of Stars
We consider that the surface of a star is polluted by
accreting ISM. We trace changes of surface abundance of
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Fig. 1.— Top panel: [Fe/H] of proto-galaxies against redshift,
with the gas mass of proto-galaxies color coded. Bottom panel:
Metallicity distribution functions (MDFs) of metal-poor stars in
the MW halo. The green, red, and blue lines show the predicted
number of giant stars in the survey volume of the HES survey
for models with Mmd = 0.22M⊙, 2M⊙, 10M⊙, respectively. The
dashed red line shows the MDF after surface pollution. The shaded
histogram is the raw (dark-gray) and bias-corrected (light-gray)
MDFs by the HES survey (Scho¨rck et al. 2009). The solid black
line is the high-resolution sample biased toward lower metallicity
by the SAGA database (Suda et al. 2008) and the dashed black
line is the SDSS/SEGUE sample by Carollo et al. (2010), scaled
to fit the HES data. The color scale shows the predicted number
density and the black crosses are the observational sample from
the SAGA database.
stars with [Fe/H] < −2.5 using the Bondi accretion for-
mula. The surface pollution can be significant on the sur-
face abundances of EMP stars, as shown in Komiya et al.
(2014, 2015).
2.1.5. Enrichment History of Fe and Mg
The top panel of Figure 1 shows the metal enrichment
history in our fiducial model. We plot [Fe/H] of sampled
proto-galaxies against redshift. Color denotes the gas
mass of proto-galaxies. In our model, [Fe/H] can decrease
when a proto-galaxy merges with a more metal deficient
proto-galaxy. Most of stars with [Fe/H] < −3 are formed
at z > 5, and stars with −3 < [Fe/H] < −2 are formed
at 3 . z . 10.
We show the resultant metallicity distribution func-
tions (MDFs) in the bottom panel. The green, red,
and blue lines show the predicted MDFs in the cases
of Mmd = 0.22M⊙, 2M⊙, 10M⊙, respectively. The
solid and dashed red lines are the intrinsic metallic-
ity and the surface metallicity after pollution, respec-
tively. Shaded histograms show the raw (dark-shaded)
and bias-corrected (light-shaded) MDFs of the HES sam-
ple (Scho¨rck et al. 2009). We scale the predicted MDFs
considering the field of view (6726 deg2) and the magni-
tude limit (B = 17.2) of the HES survey (Christlieb et al.
2008). Since most of the sample stars in Scho¨rck et al.
(2009) are around the base of the red giant branch,
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Fig. 2.— Distribution of abundance ratios of magnesium to iron
against metallicity. The color scale shows the predicted number
density and the black crosses are the observational sample from
the SAGA database.
we count the predicted number of giant stars in the
survey volume assuming that the typical luminosity is
L = 20L⊙. We employ the de Vaucouleur density pro-
file for the MW halo. We also show the MDF of the
SDSS/SEGUE sample (Carollo et al. 2010, dashed black
line) scaled to match the HES data and the MDF by
the SAGA database (solid black line), which collects stel-
lar abundances by high-resolution spectroscopy of metal-
poor stars from literatures (Suda et al. 2008).
As seen in the bottom panel, though all the three IMFs
lead to a similar form of the MDF, the IMF with Mmd =
2M⊙ solely reproduces the total number. The IMF with
a higherMmd produces a fewer number of low-mass stars
which can survive to date, and at the same time form
more numerous massive stars producing iron to shorten
the timescale for low-metallicity star formation. We show
results of the models withMmd = 2M⊙ in section 3. The
main results about r-process elements remain true for the
other two Mmd. The MDF with Mmd = 2M⊙ slightly
underestimates the number of stars at [Fe/H] & −2.5. It
may be due to the change of the IMF to the low-mass
peaked one (Suda et al. 2013; Yamada et al. 2013).
Our model obtains the abundance distribution of al-
pha elements consistent with observations. We present
the correlation of the abundance ratios of magnesium to
iron with metallicity in Figure 2, and oxygen and silicon
shows the similar abundance distributions.
2.2. Neutron Star Merger
The mass range for progenitor stars of NSs is 8−25M⊙.
We assume that 1% of binary systems in this mass range
form NS binaries which coalesce within the age of the
universe. This yields one coalescing NS binary out of
1000 massive stars. We adopt the delay time distribution
of the NSM,
dnNSM
dtd
∝ t−1d (3)
for 107yr < td < 10
10yr following results of binary pop-
ulation synthesis by Dominik et al. (2012). In this case,
the averaged delay time is 〈td〉 ∼ 1.3× 10
9yr. The NSM
event rate is proportional to the following integration,∫ 1010yr
107yr
M˙∗(t− td)
dnNSM
dtd
(td)dtd. (4)
The ejecta mass of a NSM is assumed to be Yr =
0.03M⊙, based on the estimation of ejecta mass of the
observed kilonova candidate GRB 130603B (Tanvir et al.
2013; Berger et al. 2013). We assume the scaled solar
r-process abundance pattern (Arlandini et al. 1999) for
NSM ejecta. The elemental yields of Ba and Eu are
YBa = 1.3 × 10
−3M⊙ and YEu = 1.5 × 10
−4M⊙, re-
spectively.
We do not distinguish NS-NS mergers and BH-NS
mergers in our computation, while recent numerical stud-
ies show that a BH-NS merger can eject lager mass than
a NS-NS merger (Hotokezaka et al. 2013). In this paper,
we do not consider other heavy element sources such as
s-process in intermediate massive stars or r-process in
SNe II.
2.3. Propagation of NSM ejecta
A significant fraction of the NSM ejecta can escape
from proto-galaxies. Nearby proto-galaxies can capture
the escaped r-process elements. The rest of r-process
ejecta travel away into the intergalactic space with high
velocities. The r-process elements cool and are coupled
with IGM, and are incorporated into galaxies along gas
infall as described in the following.
2.3.1. Escape from a Proto-Galaxy
R-process elements from a NSM propagate until they
lose kinetic energies by interaction with ISM. The domi-
nant energy deposition process is the ionization of neutral
hydrogen in HI gas, and the Coulomb scattering in the
ionized gas. The energy loss rate is
ω ≡− dEdt = 1.82× 10
−7Z2[1− 1.034 exp(−137βZ−0.688)]
×nHI(1 + 0.0185 lnβ)β
−1 eV s−1 (5)
in the neutral gas and
ω = 3.1× 10−7Z2neβ
−1 eV s−1 (6)
in the ionized plasma (Schlickeiser 2002), where nHI and
ne is the number density of neutral hydrogen and free
electron, respectively, β is the velocity in units of the
speed of light and set at β ≡ vr/c = 0.2 in this study,
and Z is the atomic number. The stopping length,
ls ≡
(γ − 1)mpAc
2
ω
vr ∼ 2.6
( nHI
1 cm−3
)−1
kpc (7)
for 153Eu in the neutral gas, wheremp is the proton mass,
A is the mass number, and γ is the Lorentz factor.
We assume that r-process elements ejected from an
NSM travel the stopping length of ls on a straight line
at a constant velocity. The ejected particles stop rather
suddenly once they travels the stopping length since the
energy loss rate increases as the energy decreases. The
fraction, fesc, of NSM ejecta escaping from the proto-
galaxy is estimated as
fesc = exp
(
−
Rg
ls
)
, (8)
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where Rg is the radius of the host proto-galaxy. For sim-
plicity, we assume that a proto-galaxy is a homogeneous
sphere of neutral gas, and an NSM takes place at the
center of the proto-galaxy.
We give the gas density and radius of
proto-galaxies assuming isobaric cooling of
the virialized gas (Komiya et al. 2015), i.e.,
n = ρvir(µmp)
−1 (Mgas/Mh) (Tgas/Tvir)
−1
, and
Rg = Rvir(Tgas/Tvir)
1/3, where ρvir is the averaged
density of the virialized dark-matter halos as a function
of redshift, µ is the mean molecular weight, Rvir is
the virial radius of the host halo. Gas can be cooled
to Tcool ∼ 10 K in the MW but Tcool ∼ 200 K in the
primordial mini-halo, and Tcool ∼ 50 K in relic HII
regions without metal. The gas temperature, Tgas, is
set at the maximum of the temperature of the cosmic
microwave background or Tcool. These assumptions
yield n = 4.2 cm−3 and Rg = 70 pc for the primordial
proto-galaxy with Mh = 10
6M⊙ at z = 20, and
n = 3.9 cm−3 and Rg = 5.2 kpc for the current MW
(z = 0,Mh = 10
12M⊙).
2.3.2. Capture by Other Proto-galaxies
In this study, we assume isotropic mass ejection from a
NSM (Hotokezaka et al. 2013). The fraction of escaped
NSM ejecta encountering with a proto-galaxy with radius
Rg is πR
2
g/4πd
2, where d is the distance to the proto-
galaxy.
For a particle which runs into a spherical proto-
galaxy with an impact parameter of r, the length of
the pass crossing the proto-galaxy is 2
√
R2g − r
2. Un-
der the same assumptions as in eq. (8), the fraction of
particles that are not captured by the proto-galaxy is
exp
(
−2
√
R2g − r
2/ls
)
. The fraction of captured high-
energy r-process elements out of all particles encounter-
ing the proto-galaxy is
fcap=
1
πR2g
∫ Rg
0

1− exp

−2
√
R2g − r
2
ls



 2πrdr
=1−
1
2
(
ls
Rg
)2{
1−
(
1 +
2Rg
ls
)
exp
(
−
2Rg
ls
)}
.(9)
We mention that, in the limit of Rg ≪ ls, the capture
rate approaches to fcap ∼
4
3Rg/ls and the total amount
of captured particles is proportional to πR2gfcap ∼
4
3πR
3
g/ls ∝ Mgas since ls ∝ n
−1 (eq. 7), i.e., the capture
rate is simply proportional to the gas mass but indepen-
dent of radius and density.
We estimate the distance between the n-th and the
m-th proto-galaxies using the following equation,
dn,m(t) =


r(t|Mt,n,m, tc,n,m) (10a)
(t < tc,n,m)
dsat,m(t) = Rvir,n
(
1−
t− tc,n,m
τdf
)
(10b)
(tc,n,m ≤ t < tc,n,m + τdf)√
dsat,n + dsat,m − 2dsat,ndsat,m cos θ(10c)
(two satellites).
In the case of two proto-galaxies in different dark halos
(eq. 10a), we estimate the distance between them under
the spherical collapse approximation of halos following
Komiya et al. (2016). Here two halos are supposed to
merge at time tc,m,n to become a single halo with the
mass of Mt,m,n, and r is the distance between the two
halos (see section 4.1 in Komiya et al. (2016) for details).
After the two dark halos merge (eq. 10b), the proto-
galaxy in the more massive halo (labeled n) is placed
at the center of the merged halo and the other one (la-
beled m) becomes a satellite. The satellite galaxy is as-
sumed to approach the center as the distance, dsat,m(t),
from the center linearly decreases as a function of time.
τdf is the merger timescale by the dynamical friction
and we use the formula given in Cole et al. (2000). At
t = tc,m,n + τdf , the satellite merges to the central
galaxy. In the case of two satellites in the same dark
halo (eq. 10c), we estimate the distance assuming the
random distribution for the orbital angles, θ, between
the satellite galaxies.
2.3.3. In the Intergalactic Space
The energy loss timescale, τs ≡ (γ − 1)mpAc
2/ω, of
153Eu propagating in the IGM is given as
τs,IGM=
{
430
(
nIGM
10−4cm−3
)−1
Myr (before reionization)
31
(
nIGM
10−4cm−3
)−1
Myr (after reionization)
(11)
where we use the energy loss rate for neutral gas (eq. 5)
before reionization and one for ionized gas (eq. 6) after
that. We assume the reionization redshift z = 10. Since
the stopping length in the IGM, ls,IGM ≡ vrτs,IGM, is
larger than the computation box, we assume homoge-
neous mixing of the escaped r-process elements in the
intergalactic space, while we follow the inhomogeneous
metal pollution of the IGM for elements provided by SNe
as mentioned above.
R-process elements having escaped from the host
galaxy lose their kinetic energies on the timescale of τs
unless they are captured by another proto-galaxy. Such
r-process elements are eventually settled in the IGM and
some of them are attracted by the gravity of proto-
galaxies and accreted onto them along with gas infall.
We can describe the evolution of mass Mi,HE of the
high-energy particle in the intergalactic space and the
abundance, Xi,IGM, of element i in the IGM as follows,
dMi,HE
dt
= Yi
∑
n
∑
k
δ(t− tNSM,n,k)fesc,n,i

∑
m 6=n
πR2g,m(1 − fcap,m,i)
4πd2n,m


−
∑
n
Mi,HEπR
2
g,nvr
VMW
fcap,n,i −
Mi,HE
τs,IGM,i
,
(12)
dMIGMXi,IGM
dt
=
Mi,HE
τs,i
−
∑
n
M˙acc,nXi,IGM, (13)
where Yi is the elemental yields from one NSM event,
tNSM,n,k is the time when the k-th NSM event takes place
in the n-th proto-galaxy. The second term in the right
hand side of eq. (12) describes capture of particles incom-
ing from outside of the computation box, and VMW is the
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volume of the box, which is a comoving sphere enclosing
the total mass of 1012M⊙. M˙acc,n is the gas accretion
rate onto the n-th proto-galaxy.
Here, we assume that the escaping of the high energy
r-process elements from the simulation box balances the
incoming from galaxies outside the box. We discuss the
validity of this assumption in Appendix.
2.3.4. Evolution of the R-process Abundances
In summary, evolution of r-process abundances of a
proto-galaxy is described as follows,
dMgas,nXi,n
dt
= Yi
∑
k
δ(t− tNSM,n,k)(1 − fesc,n,i)
+Yi
∑
m 6=n
∑
k
δ(t− tNSM,m,k)fesc,m,i
πR2g,n
4πd2n,m
fcap,n,i
+
Mi,HEπR
2
g,nvr
VMW
fcap,n,i + M˙acc,nXi,IGM (14)
where the first term on the right-hand side is the contri-
bution from NSMs in the proto-galaxy, the second term
is the increment by capturing ejecta from NSM events
in other proto-galaxies in the simulation box, the third
term is high-energy r-process background from galaxies
outside the computation box, and the fourth term is the
infall of IGM.
3. RESULTS AND DISCUSSION
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Fig. 3.— The enrichment history of Eu. The thin solid lines
show [Eu/H] of proto-galaxies, with the number of NSM events in
them color coded. We randomly sample ∼ 1/300 of proto-galaxies
and plot their abundances. The dash-dotted blue line denotes the
abundance of high-energy Eu in intergalactic space, [Eu/H]HE, and
the dashed black line is the low-energy Eu abundance in IGM.
Figure 3 shows the enrichment history of Eu abun-
dances for sampled proto-galaxies and the IGM (dashed
black line). The number of NSM events in each proto-
galaxy is color coded. The dash-dotted blue line denotes
the abundance of high energy r-process elements in in-
tergalactic space, [Eu/H]HE ≡ log(MEu,HE/MIGMXH) −
log(XEu/XH)⊙.
The first NSM in this computation run takes place at
z = 18.8. Most of the r-process ejecta escape from its
host proto-galaxy to enhance [Eu/H]HE to
[Eu/H]HE = log
(
YEufesc
MIGMXH,IGM
)
− log
(
XEu
XH
)
⊙
= −5.6+ log

(fesc
1
)(
MIGM
MMW
Ωb
ΩM
)−1(
XH,IGM
0.8
)−1 ,(15)
where (XEu/XH)⊙ = 4.7 × 10
−10 is the solar Eu abun-
dance (Grevesse et al. 1996), and ΩM and Ωb are densi-
ties of matter and baryon relative to the critical density,
respectively. In the limit of Rg ≪ ls, the capture rate
of high energy r-process particles is proportional to the
total gas mass and independent of the density as men-
tioned, i.e., the capture rate per unit mass is almost the
same for all proto-galaxies with Rg ≪ ls and for the
IGM. [Eu/H] of the IGM (black line) and proto-galaxies
(cyan lines) increase in a similar way by capturing high-
energy r-process elements at z > 10. At such a high
redshift, majority of baryon is still in the IGM, and most
of the escaped NSM ejecta are mixed with the IGM on
the timescale of τs,IGM.
At z = 10, [Eu/H]HE suddenly decreases because the
energy loss rate in the IGM increases due to cosmic reion-
ization. The capture rate per unit mass by the ionized
IGM becomes several tens of times higher than the one
by neutral proto-galaxies. Therefore, the abundance of
proto-galaxies without NSM events (cyan lines) is ∼ 1
dex or more smaller than the IGM abundance at z < 10.
After the reionization, pre-enrichment of IGM is mainly
responsible for the Eu abundance of proto-galaxies with-
out NSM events. At z . 2, [Eu/H]HE overwhelms
[Eu/H]IGM because the energy loss timescale in the IGM
increases as the IGM density decreases.
A single NSM event enriches its host proto-galaxy with
r-process elements to
[Eu/H]= log
(
YEu(1− fesc)
MgasXH
)
− log
(
XEu
XH
)
⊙
∼−1.8 + log
[(
YEu
1.5× 10−4M⊙
)(
Rg
1kpc
)
( n
1cm−3
)( Mgas
107M⊙
)−1]
(16)
in the limit of fesc ≪ 1 (Rg ≪ ls). When we adopt as-
sumptions for n and Rg in section 2.3.1, we can describe
this equation as a function of Tgas,Mh and the cosmo-
logical parameters as follows,
[Eu/H] ∼ −1.7 + log
[(
YEu
1.5×10−4 M⊙
)(
Tgas
30K
)−2/3
µ2/3
(
Mh
108h−1 M⊙
)−2/9 (
ΩM(0)
0.3ΩM(z)
∆c
18pi
)8/9 (
1+z
10
)8/3 ( h
0.7
)2]
,(17)
where ∆c is the overdensity of the virialized halo rela-
tive to the critical density, and h is the dimensionless
Hubble parameter. These proto-galaxies become much
more r-process rich than the intergalactic space, and the
contribution from other proto-galaxies is negligible for
them. At z < 5, the most massive photo-galaxy shows
the highest r-process abundance because of a large event
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rate and a small escape probability.
Figures 4 and 5 show the r-process abundance of stars
against metallicity for the fiducial model and the con-
stant SFE model, respectively. The left and right panels
denote results without escape of NSM ejecta (fesc = 0)
and with escape, respectively.
The constant SFE significantly delays the enrichment
of r-process elements compared to iron and the predicted
abundances of EMP stars do not match observational re-
sults, as mentioned in previous chemical evolution stud-
ies. The predicted abundances of r-process elements are
significantly lower than observations at [Fe/H] . −2,
and r-II stars with [Eu/Fe] > +1 around [Fe/H] ∼ −3 is
not reproduced. On the other hand, if the SFE is lower
at lower mass proto-galaxies, r-process elements emerge
at [Fe/H] ∼ −3, even with the long average delay time
(> 109 yr). This is because that enrichment timescale of
iron is longer for low-mass proto-galaxies in which EMP
stars were formed and some NSMs can take place within
the formation epoch of EMP stars. These are consistent
with the result of the one zone model by Ishimaru et al.
(2015).
When we do not consider the escape of NSM ejecta
from the host proto-galaxies, however, the majority of
stars with [Fe/H] < −3 show very low r-process abun-
dances with [Ba/Fe] < −2.5, which is apparently at odds
with observations (see the top left panel of Fig. 3). On
the other hand, our escape model predicts [Ba/Fe] ∼ −1
or −2 for the majority of stars at [Fe/H] . −3, and well
reproduces observations of halo stars, as shown in the
right top panel.
Proto-galaxies lacking NSM events are polluted by
r-process elements ejected from NSMs in other proto-
galaxies. As mentioned, IGM pre-enrichment is mostly
responsible for the r-process elements in these stars, and
capture of high-energy r-process elements also contribute
at z > 10. Stars in proto-galaxies without a NSM are
distributed at −6 . [Ba/H] . −4. NSM events of short
delay time, td . 10
8yr, are the dominant sources of r-
process elements for these stars. On the other hand,
proto-galaxies in which NSM events take place form stars
with [Ba/H] & −3.
Surface pollution can play an important role for stars
in proto-galaxies without a NSM. Without surface pol-
lution, there emerges a depression in the number density
of stars at [Fe/H] ∼ −3 in the range of −1 < [Ba/Fe] < 0
where the first NSM occurs. The surface pollution alle-
viates the gap. In the model with fesc = 0, the surfaces
of most EMP stars have a tiny amount of Ba such as
[Ba/Fe] < −2.5 even after surface pollution.
At [Fe/H] > −2, the r-process abundance is averaged.
The predicted Ba abundance is lower than observations
since we neglect the s-process contribution.
At [Fe/H] & −1, while we can see a clear decreasing
trend of [Mg/Fe] as metallicity increases, we do not see a
similar “knee” in the predicted r-process abundance dis-
tributions. This is because the increase of the NSM rate
due to the long delay time compensates the increasing
production rate of iron enhanced by SNe Ia. One possi-
ble explanation for the observed depression of [r/Fe] is a
lower frequency of NSMs with high metallicity progeni-
tor stars, although we assume constant frequency in the
computation for simplicity.
The event rate of NSMs in this model is ∼ 60 Myr−1 in
the current MW, as shown in Figure 6. It is also slightly
higher than the estimation based on the observations of
binary pulsars in the MW (21+28−14 Myr
−1, Kim et al.
2015). Both the binary pulsars and the abundances of
the metal rich stars indicate a factor of ∼ 3 smaller
NSM fraction than used in this paper at z = 0. At
the right axis of Figure 6, the event rate in the MW is
converted into the expected detection rate of the gravi-
tational waves (GWs) by the advanced LIGO-Virgo net-
work. Ongoing observations of GWs will provide better
constraints on the NSM rate.
For the metallicity dependence of the NSM rate, stud-
ies of binary population synthesis predict a lower NS-NS
merger rate for lower metallicity stars (Dominik et al.
2012; Kinugawa et al. 2014). For the BH-NS merger rate,
on the other hand, Dominik et al. (2012) predict that
a rate for stars with the metallicity of 0.1Z⊙ is higher
than the Population I (Pop I) stars while Kinugawa et al.
(2014) predict that a rate for Pop III stars is lower than
that for Pop I stars. Further studies are required for the
event rate, delay time distribution, and r-process yield of
NSMs, and their metallicity dependences.
In this paper, we assume that high-energy r-process el-
ements go straight until they lose energies by interaction
with gas particles. If proto-galaxies have magnetic field,
however, particles can travel along a winding path, which
decreases the escape probability and increases the cap-
ture rate. On the other hand, the escape probability can
be higher in a disk-like gas density profile than in a gas
sphere assumed in this work. In addition, NSM events at
the outer region of a proto-galaxy will effectively transfer
r-process elements into intergalactic space, although we
only consider NSM events at the center of proto-galaxies.
Furthermore, a NS binary itself can go away from a
proto-galaxy if it can get enough velocity from SN ex-
plosions. The velocity of a NS binary is depending on its
binary orbit and SN kick. Although we still have no reli-
able estimation for the velocity distribution of NS bina-
ries, two observed binary pulsars show a proper motion of
more than ∼ 70 km/s (Beniamini & Piran 2016), which
exceeds the typical escape velocity of a proto-galaxy host-
ing EMP stars. The IGM pre-enrichment and transfer of
r-process elements between proto-galaxies are depending
on these details, but a model taking them into account
is beyond the scope of this paper.
4. SUMMARY
Coalescence of NS binaries is one of the most plausible
sites for r-process nucleosynthesis but results of previous
chemical evolution models with NSMs as major r-process
sources is inconsistent with the observed r-process abun-
dances of metal-poor stars. We revisit the Galactic chem-
ical evolution of r-process elements following the NSM
scenario.
The novelty of this paper is in considering the ef-
fect of propagation of NSM ejecta across proto-galaxies.
As pointed out by Tsujimoto & Shigeyama (2014), r-
process elements from NSMs have very large stopping
lengths due to their high velocities. We compute the
escape of r-process elements from proto-galaxies, pre-
enrichment of IGM, and capture of the escaped elements
by other proto-galaxies in the chemical evolution model
8 Komiya & Shigeyama
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Fig. 4.— The predicted abundance distributions of stars on the [Fe/H] − [Ba/Fe] planes (top) and [Fe/H] − [Eu/Fe] planes (bottom)
in the case of fesc = 0 (left) and fesc = exp(−Rg/ls) (right). The SFE depending on halo mass (∝ M0.3h ) is assumed. The band at the
bottom edge of each panel shows the number of stars with [r/Fe] < −2.5 at each metallicity bin. The blue lines denote percentile curves
of 5%, 25%, 50%, 75%, and 95% for the predicted distribution. The crosses show the observational data taken from the SAGA database.
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Fig. 5.— The same with Figure 4 but for model with constant SFE.
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vations of the binary pulsars in the MW (Kim et al. 2015).
based on the framework of the hierarchical galaxy for-
mation.
We have confirmed that the NSM scenario can repro-
duce the emergence of r-process elements at [Fe/H] ∼ −3
in the case of lower SFE for less massive proto-galaxies,
while the constant SFE delays the enrichment of r-
process elements, which results in abundance correlations
incompatible with observations.
While previous chemical evolution models with the
NSM scenario predict many stars lacking r-process el-
ements at very low metallicities, our model with the
long-distance propagation of NSM ejecta predicts −6 .
[Ba/H] . −4 for stars formed in proto-galaxies without
a NSM. Our model succeeds in reproducing the r-process
abundance distribution of EMP stars. This result indi-
cates that the NSM scenario is not rejected by the Galac-
tic chemical evolution, when we consider the propagation
of NSM ejecta beyond the proto-galaxies.
Our current model predicts a slightly higher event rate
of NSMs and results in [Eu/Fe] higher than observations
in the current MW while the good consistency with ob-
servations at very low metallicity. It may indicate the
metallicity dependence of the NSM rate. Future obser-
vations of GWs and their electromagnetic counterparts
will give us information about the NSM rate and its con-
tribution to the Galactic chemical evolution.
APPENDIX
BOUNDARY CONDITION
We adopt a periodic boundary condition which assumes that the high energy r-process elements incoming from
outside the simulation box balance the elements escaping from the box. This seems to be a reasonable assumption
at very high redshift since large scale density fluctuation tends to grow at low redshift. For example, at z = 20, only
3σ fluctuation of Mh < 10
6 M⊙ collapses, and the box size is much larger. On the other hand, it is not a good
approximation at low redshift since the environment around the current MW is significantly different from the average
of the universe.
In the current universe, there are 0.0116 Mpc−3 MW equivalent galaxies (MWEGs) on average (Abadie et al. 2010),
but the number density in our computation box corresponds to 0.0408 Mpc−3 (= 1/VMW). It may indicate that
the production rate of high energy r-process elements (the first term of eq. 12) may be overestimated by factor
a = 0.0408/0.0116 ∼ 3.52 at z = 0. The capture rate by proto-galaxies (the second term of eq. 12) may also be
overestimated since the capture rate in this computation box is dominated by the MW at low redshift. In order to
mimic this difference, we compute the chemical evolution model with replacing the eq. (12) to the following equation,
dMi,HE
dt
=
1
a
Yi
∑
n
∑
k
δ(t− tNSM,n,k)fesc,n,i

∑
m 6=n
πR2g,m(1− fcap,m,i)
4πd2n,m


−
1
a
∑
n
Mi,HEπR
2
g,nvr
VMW
fcap,n,i −
Mi,HE
τs,IGM,i
, (A1)
where a = 3.52 is the relative number density of MWEGs.
Figure 7 show the result. The predicted abundance distribution is indistinguishable from the fiducial model at high
metallicity or high r-process abundance ([Ba/H] & −3). This is because r-process elements of proto-galaxies in which
these stars are formed are dominated by their own NSMs. On the other hand, the abundance of proto-galaxies without
NSM events decreases since the r-process element abundances of the IGM decrease. The abundance of EMP stars
at [Ba/H] . −4 formed before the first NSM in their host proto-galaxies decreases by ∼ 0.5 dex. We note that the
difference can be overestimated at low metallicity since the region around the MW should be more similar to the
average of the universe at high redshift.
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